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Given its unrivaled potential of integration and scal-
ability, silicon is likely to become a key platform for
large-scale quantum technologies. Individual electron-
encoded artificial atoms either formed by impurities [1]
or quantum dots [2, 3] have emerged as a promising solu-
tion for silicon-based integrated quantum circuits. How-
ever, single qubits featuring an optical interface needed
for large-distance exchange of information [4] have not
yet been isolated in such a prevailing semiconductor.
Here we show the isolation of single optically-active point
defects in a commercial silicon-on-insulator wafer im-
planted with carbon atoms. These artificial atoms ex-
hibit a bright, linearly polarized single-photon emission
at telecom wavelengths suitable for long-distance prop-
agation in optical fibers. Our results demonstrate that
despite its small bandgap (' 1.1 eV) a priori unfavor-
able towards such observation [5], silicon can accommo-
date point defects optically isolable at single scale, like
in wide-bandgap semiconductors [6]. This work opens
numerous perspectives for silicon-based quantum tech-
nologies, from integrated quantum photonics to quantum
communications [7] and metrology.
Capitalizing on the great success of the microelectron-
ics industry, silicon is undoubtedly a promising platform
for deploying large-scale quantum technologies. Silicon-
based electrical qubits associated either to individual
dopants [1] or to gate-defined quantum dots [2, 3], have
already been used to demonstrate the elementary build-
ing blocks towards scalable integrated quantum circuits.
Besides requiring operation in a dilution fridge, those
matter qubits are still not able to remotely exchange
quantum information at long distances because they are
not interfaced with optical light. On the other side,
photonic qubits at telecom wavelengths can be gener-
ated inside silicon by probabilistic non-linear optical pro-
cesses [8]. Even if they are adapted to long-distance
propagation, those photons are not coupled to matter
quantum systems, thus limiting the implementation of
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FIG. 1. Single optically-active artificial atoms in sili-
con. a, PL raster scan of the carbon-implanted SOI wafer
recorded at 10 K for a green laser excitation power P =
10 µW. b, Second-order correlation function g(2)(τ) recorded
on the isolated PL spot marked with the circle in a. The unic-
ity of the emitter is evidenced by the clear antibunching effect
at zero delay: g(2)(0) < 0.5. There is no background correc-
tion. The solid line is data fitting with a three-level model
describing the dynamics of optical cycles (see Methods). c,
PL spectrum recorded for the same defect, showing emission
in the telecom O-band (shaded red area).
scalable silicon quantum photonics [9]. Another type of
quantum systems that can fill the gap but is still lack-
ing in this industry-friendly platform are optically-active
spin defects, that combines an optical interface with a
solid-state medium to encode quantum information [10].
A sine qua non condition to develop such spin-photon
interfaces is first to demonstrate that individual point
defects can be optically isolated in silicon.
Deep-level point defects in semiconductors feature elec-
tronic states buried inside the bandgap of the mate-
rial [6]. Under laser illumination, some of these defects
behave as artificial solid-state atoms offering multiple
quantum functionalities [10]. Diamond has been the pio-
neering platform for the detection and control of individ-
ual point defects [11], which can be used as single-photon
sources for quantum cryptography [12], spin-photon in-
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2terfaces for quantum networks [4] or high-sensitivity
quantum sensors [13] to name a few. In the last years,
optically-active point defects have been detected at single
scale in a large variety of wide-bandgap materials [6], thus
offering to extend such experiments on novel platforms
better suited to industrial processes. Despite its ubiq-
uity in the microelectronics industry, silicon was until
now still absent of the list. Owing to its narrow bandgap
(' 1.1 eV), it was an open question whether or not this
semiconductor could accommodate optically-active sin-
gle defects with electronic states well-isolated from its
valence and conduction bands [5]. Here we give a posi-
tive answer to this question by demonstrating the isola-
tion of individual photoluminescent point defects hosted
in the silicon matrix. These defects exhibit several strik-
ing features including (i) linearly polarized single-photon
emission at telecom wavelengths, (ii) long-term photosta-
bility, and (iii) high brightness.
The studied sample consists of a commercial 220-nm-
thick silicon-on-insulator (SOI) wafer implanted with 36-
keV carbon ions at a fluence of 5 × 1013 cm−2 in view
of creating carbon-related defects [14, 15] (see Methods
for details). The photoluminescence (PL) response of
this carbon-implanted SOI sample was studied with a
scanning confocal microscope optimized for near-infrared
spectroscopy at cryogenic temperature. Optical excita-
tion was performed far above the silicon bandgap with a
532-nm continuous laser focused onto the sample through
a high numerical aperture microscope objective (NA =
0.85). The PL signal was collected by the same objective
and directed either to a spectrometer or to fiber-coupled
infrared single-photon detectors featuring a quantum ef-
ficiency ηdet = 10% (see Methods for details).
Figure 1a depicts a typical PL raster scan of the
silicon sample recorded at 10 K, which reveals bright
diffraction-limited PL spots. To demonstrate that they
correspond to individual artificial atoms, the resulting
photon emission statistics was systematically analyzed by
measuring the second-order correlation function g(2)(τ)
with two infrared single photon detectors mounted in a
Hanbury-Brown and Twiss configuration. As shown in
Figure 1b, a clear antibunching is observed at zero delay,
g(2)(0) ≈ 0.3, which is a fingerprint of single-photon emis-
sion from an individual quantum emitter. The deviation
from an ideal single-photon emission, i.e. g(2)(0) = 0, is
well explained by residual background photons and de-
tector dark counts [16]. This constitutes the first obser-
vation of single optically-active point defects embedded
in the silicon lattice.
Besides their isolation at single scale, a further asset
of such emitters is that their PL spectrum falls into the
O-band of optical telecommunications, with a sharp zero-
phonon-line (ZPL) at a wavelength around 1.27 µm fol-
lowed by a broad phonon sideband (Fig. 1c). The Debye-
Waller factor, corresponding to the proportion of photons
emitted into the ZPL, reaches about 30%. Such a PL
spectrum is very similar to the one produced by dense
ensembles of G-centers in silicon [14, 15, 17]. We thus
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FIG. 2. Photophysics of single G-centers in silicon.
a, Atomic structure of the G-center consisting of an intersti-
tial silicon atom (purple) bridging two adjacent carbon atoms
(black). Atomic positions are obtained through density func-
tional theory calculations (see Methods for details). b, His-
togram of the ZPL wavelengths for a set of 29 individual
G-centers. c, PL saturation curve. The solid line is data
fitting with a simple saturation function, leading to a satura-
tion power Psat ' 9 µW. Inset: PL time-trace recorded while
saturating the optical transition. The bin time is 57 ms per
point. d, Polarization diagram of the PL emission indicat-
ing an emission dipole with a projection (green arrow) on the
(001)-oriented SOI sample pointing at α ' 10◦ from the [110]
crystal axis. e, Histogram of the angle α measured for 29 in-
dividual G-centers. Data shown in c-d are taken for the same
G-center as for Fig. 1b-c. All experiments are performed at
10 K.
attribute the observed single emitters in the telecom O-
band to individual G-centers in silicon. Even though the
precise structure of this defect still remains under de-
bate [18–20], it is now widely accepted as being made
of a pair of carbon atoms bridging an interstitial silicon
atom [21, 22] (Fig. 2a). The C-Si-C complex has a con-
formation resembling a water molecule, with a (C-Si-C)
angle of 126◦ (see Methods for details). We note that PL
spectra recorded for a set of 29 single G-centers indicate
variations of the ZPL wavelength (Fig. 2b). A Gaussian
fit of the corresponding distribution gives a standard de-
viation of 9± 1 nm. This observation likely results from
local strain-induced effects, as already reported for large
ensembles of G-centers under uniaxial stress [23].
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FIG. 3. Dynamics of optical cycles. a, Time-resolved PL decay (in semi-log scale) recorded under optical excitation with
50-ps laser pulses at 532 nm. The excited-level lifetime τe is extracted through data fitting with a single exponential function.
Inset: Histogram of lifetime measurements for 29 individual G-centers. b, Measurements of the second-order correlation function
g(2)(τ) with increasing laser excitation power (from bottom to top). Solid-lines are data fitting with a three-level model. c,
The vanishing bunching effect at high laser powers is explained by introducing a photo-induced repumping mechanism from
the metastable level to the excited level via the conduction band (see Methods for details). Data shown in a-b are taken for
the same G-center as for Fig. 2c-d.
The G-center shows several appealing properties in the
prospect of developing integrated single-photon sources
in silicon. Besides an emission at telecom wavelengths,
individual G-centers exhibit a long-term stability un-
der optical illumination, showing neither blinking nor
bleaching effects (Fig. 2c Inset), and are robust against
repeated thermal cycles from 10 K to room tempera-
ture. Furthermore, this defect is particularly bright un-
der green laser illumination. A typical PL saturation
curve recorded for a single G-center is shown in Figure
2c. A maximum counting rate around 8000 cts/s can
be obtained at saturation, despite (i) the high refractive
index of silicon (n ' 3.5) leading to total internal reflec-
tion at the silicon-air interface and (ii) the low quan-
tum efficiency of our infrared single-photon detectors
(ηdet = 10%). Significant improvements of the detected
PL signal could be easily obtained in future by using
superconducting single photon detectors and/or by inte-
grating G-centers into silicon photonic structures [24, 25].
Last, the G-center features a linearly-polarized single-
photon emission. Figure 2d shows a typical emission po-
larization diagram recorded by rotating a polarizer in
front of the single-photon detectors. The observed PL
modulation with a contrast close to unity indicates that
the G-center behaves as a single emitting dipole, whose
projection on the (001)-oriented silicon surface is here ly-
ing at α ' 10◦ from the [110] crystal axis. A systematic
analysis over a set of 29 single G-centers reveals that the
emission dipoles are pointing in specific directions dis-
tributed across four subgroups, which exclude the [110]
and [11¯0] axis (Fig. 2e). These preferential directions are
attributed to the different orientations of the G-center in
the silicon matrix [26].
To gain insights into the dynamics of optical cycles,
time-resolved PL measurements were performed with a
pulsed-laser excitation at 532 nm. As shown in Figure 3a,
the PL decay is well fitted by a mono-exponential func-
tion providing the lifetime τe of the excited level. Mea-
surements performed for several single G-centers indicate
fluctuations of the excited-level lifetime (Fig. 3a Inset).
The resulting statistics is well-described by a Gaussian
distribution with a mean value τe = 35.8 ± 0.2 ns and
a standard deviation στe = 3.5 ± 0.2 ns. No correlation
could be found between the lifetime of the excited level
and neither the shift of the ZPL wavelength nor the emis-
sion dipole orientation. We note a significant discrep-
ancy with the value recently reported for ensembles of
G-centers (τe ∼ 6 ns) [15]. This variation could originate
from changes in the dynamics involving different charge
states or defect conformations [21] when G-centers are ei-
ther isolated or inside dense ensembles. A similar effect
was recently reported for nitrogen-vacancy (NV) defects
in diamond, whose excited-level lifetime decreases from
∼ 12 ns for a single defect hosted in an ultrapure dia-
mond matrix down to ∼ 4 ns for dense NV ensembles in
a diamond sample heavily doped with nitrogen [27].
Further informations can be obtained by analyzing the
evolution of the second-order correlation function g(2)(τ)
with the laser excitation power (Fig. 3b). A photon
bunching effect (g(2)(τ) > 1) is observed at low power,
revealing that optical cycles involve non-radiative relax-
ation processes through a metastable level [16]. Inter-
estingly, this effect gradually disappears while increasing
the laser power, until the g(2)(τ) function mimics the
dynamics of a pure two-level system (top trace in Fig.
3b). This peculiar behavior can be explained by consid-
ering a photo-induced repumping mechanism from the
metastable level to the excited level (Fig. 3c). This pro-
cess likely contributes to the high brightness of single
G-centers under green laser illumination.
The isolation of single point defects emitting at
telecom wavelengths in silicon provides numerous op-
portunities for integrated quantum technologies. First,
these single-photon emitters could be integrated in
4photonic circuits fabricated by industrial-grade and
CMOS-compatible processes [9]. Full processing of pho-
tonic qubits from their deterministic generation to their
measurement with integrated single-photon detectors
could then be achieved on a silicon chip. Coupling
these individual emitters to highly mature silicon-based
nanomechanical systems [28] could also open new
pathways in hybrid quantum optomechanics. Finally,
a remaining challenge is to assess if the internal spin
degree of freedom of a single G-center in silicon can be
monitored through optical detection of the magnetic
resonance, as reported a long time ago for ensembles
of G-centers [26]. The resulting spin-photon interface
at telecom wavelengths would open large prospects for
long-distance fibered-based quantum networks [7] and
quantum metrology.
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